The correlation between the physiologically and morterminals that selectively contact pulmonary neuroepithelial phologically defined lung receptors, however, is far from data from NEBs in an in situ lung slice model (8) and from an immortalized NEB model, the human small cell lung Primarily based on their sensitivity and responses to a varicarcinoma cell line H146 (9), have provided direct evidence ety of stimuli, and on fiber conduction velocities, single fiber that a reduced oxygen availability stimulates NEB cells to recordings of action potentials have allowed the physiologic release bioactive substances (8) via inhibition of O 2 -sensiclassification of different types of airway receptors (for retive human TASK-like K ϩ channels (9) and the consequent view see Ref. 1). In the trachea and bronchi, at least four types depolarization and calcium-mediated exocytosis. The hisof receptors have been postulated, among which are the phystorical evidence and current state of knowledge of the oxyiologically well-characterized slowly adapting stretch recepgen-sensing properties of NEB cells have been reviewed tors (SARs), rapidly adapting stretch receptors (RARs), and recently (10) and have been compared with those of carotid pulmonary C-fiber receptors, and the more hypothetical sensory receptors in neuroepithelial bodies (NEBs). body chemoreceptor cells (11). The ingrowth of autonomic and sensory fibers converts pulmonary clusters of neuroendocrine cells into NEBs (12). It may be postulated that the innervation is primarily di- (Received in original form July 15, 2002 and in revised form August 29, 2002) rected toward the integration of chemoreceptive responses. periments, using the fluorescent anterograde neuronal tracer
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with 4% paraformaldehyde in 0.1 M phosphate buffer, dissected, glion (14). These vagal afferent nerve endings ramify bedegassed, and further fixed for 30 min or 2 h. Tissues were rinsed tween the NEB cells, and can be labeled by calbindin D28k in phosphate-buffered saline (PBS; 0.01 M, pH 7.4), stored over-(CB) and P2X 3 purinoreceptor immunoreactivity (IR) (15). Although on morphologic grounds the sensory innervation of NEBs is beyond dispute, there are as yet no conclusive experiments establishing their role in the modulation Immunocytochemical Procedures of vagal activity in nodose or jugular ganglia, in axon or loAll incubations were performed at room temperature in a closed cal reflexes, or in central nervous reflexes (1) . The aim of the humid container. Characteristics and sources of all primary antisera present investigation was to fully characterize the functional used are listed in Table 1 , those of secondary and tertiary antisera morphologic characteristics of the dual sensory innervation in Table 2 . The combinations of primary and secondary antisera that selectively contacts pulmonary NEBs. We evaluated the used for double immunocytochemical labeling are listed in Table 3 enhanced sensitivity and to allow combination of two antisera raised in the same species, a fluorescein-(NEL701; Perkin-Elmer
Materials and Methods
Life Sciences, Boston, MA) or biotin-conjugated (NEL700; PerkinElmer Life Sciences) tyramide signal amplification (TSA) kit was Animals applied (20). In short, endogenous peroxidase activity in cryostat Adult Wistar rats of both sexes, and newborn and young animals sections of rat lungs was blocked by H 2 O 2 (0.4% in 50% methanol with their mothers (n ϭ 34; Iffa Credo, Brussels, Belgium) were in PBS; 10 min), followed by preincubation with PBSϩ (containing kept in acrylic cages with wood shavings in an acclimatized room 1% Triton X-100) and incubation with a primary polyclonal anti-(12/12 h light/dark cycle; 22 Ϯ 3ЊC) and provided with water and body raised in rabbits (see Tables 1 and 3 ). Sections were then food ad libitum. National and international principles of laboratory consecutively incubated with a biotinylated goat anti-rabbit antianimal care were followed and the experiments were approved by body (diluted 1:500; 1 h) and ExtrAvidin-horseradish peroxidase the local ethics committee of the University of Antwerp.
(diluted 1:1,000 in PBS containing 0.05% thimerosal and 0.1% bovine serum albumin; 1 h). Between subsequent steps the sections were washed three times for 5 min (in 0.05% Tween 20 in PBS).
Tissue Processing
Sections were subjected to TSA-fluorescein (NEL701) or TSAbiotin (NEL-701) tyramide in "amplification solution" (1:100; 10 All animals (postnatal day 0 [PD0; day of birth] n ϭ 3; PD2 n ϭ 3; PD4 n ϭ 3; PD10 n ϭ 3; PD21 n ϭ 3; 4-5 wk old, n ϭ 3; adults, min), and those subjected to TSA-biotin were subsequently visualized with a fluorochrome-conjugated streptavidin. In many staining n ϭ 8) were killed using an overdose of sodium pentobarbital (Nembutal; intraperitoneal). Lungs were intratracheally instilled procedures used, the sections were subsequently subjected to addi- tional conventional immunostainings. TSA-enhanced immunoincubation. In addition, non-amplified stainings with primary antistaining for the ATP receptor P2X 3 was performed as described bodies, using the same concentrations as for the TSA-enhanced previously (15), except that a Cy3-conjugated streptavidin was reactions were routinely included. To compare TSA-enhanced and used to perform visualization.
conventional methods, conventional immunolabelings were perControl experiments for immunocytochemical procedures. Negformed using lower dilutions of the primary antisera (see controls, ative staining controls for all immunocytochemical procedures Table 3 ). were performed by substitution of nonimmune sera for the primary or secondary antisera. The general specificity of the primary antibodies for their respective antigens was tested by the providing
Systemic Capsaicin Treatment and Quantitative Analysis
companies, and the selectivity in rat lung sections in particular was
To deplete capsaicin-sensitive primary afferent neurons, adult rats extensively proven using positive and preabsorption controls and (n ϭ 4) were pretreated subcutaneously with a total dose of 125 was described in our previous publications (15, 20, 21). To check mg/kg capsaicin (0.4 mmol/kg), 10-14 d before killing. Capsaicin for possible cross-reactivity after consecutive double staining with (Fluka, Buchs, Switzerland) was dissolved in PBS (containing 10% two rabbit primary antisera, the results of single immunostaining ethanol and 10% Tween 80) to give a stock solution of 12.5 g/liter. for both substances were evaluated and compared with those from
The total dose of capsaicin was given over 3 d, with 25 mg/kg (0.5 double labeling. Controls for the amplification-based double staining were performed by omission of the primary antiserum of the second ml) on the first day, and 50 mg/kg (1 ml) on the second and third 
Results

CB-IR nerve fibers could be seen to run in very close proxControl Experiments
imity to VR1-IR fibers ( Figure 5 ). Substitution of nonimmune sera for the primary or secondDetailed Spatial Relationship of Spinal Sensory Nerve ary antisera resulted in negative staining controls in all Terminals and Pulmonary Neuroepithelial Bodies immunocytochemical procedures performed.
In lung sections double-immunostained for SP and CGRP, After nonamplified indirect immunostaining using the or for VR1 and CGRP, CGRP-IR NEB cells found in the same concentrations of primary antisera (see Table 3 ) as epithelium at all levels of the intrapulmonary airways (Figused for TSA-enhanced reactions, no CB, VR1, P2X 3 recepures 3 and 4) never showed SP (Figure 3 ) or VR1 IR (Figtor , or SP immunoreactivity (IR) could be detected in rat ure 4). Thin varicose SP/CGRP-IR or VR1/CGRP-IR nerve lungs. In double immunolabelings using TSA-enhanced and fibers were found to be associated with a subpopulation of subsequent conventional staining, omission of the primary NEBs ( Figures 3 and 4) . Reconstruction of optical sections antiserum of the second incubation abolished all immunoobtained by confocal microscopy showed that a number staining for the second antigen. No obvious differences of NEBs were contacted by thin varicose branching VR1/ could be observed upon comparison of TSA-enhanced and CGRP-or SP/CGRP-IR nerve endings at their basal side conventional ("control" dilution of primary antisera; see only, thereby often forming an extensive network (Figures 3  Table 3 Neuroepithelial Bodies Are Myelinated systemic capsaicin treatment, the number of NEBs receiving At PD0, MBP IR can be seen in myelin sheaths of some CGRP-IR terminals significantly decreased to ϳ 5%. In nerve fibers in large nerve bundles (N. vagus, N. phrenicus). control as well as in capsaicin-treated rats, all pulmonary From PD2 onwards, MBP IR can be localized intrapulmo-NEB cells showed complete colocalization of PGP9.5 and narily in myelin sheaths of nerve fibers located in large CGRP IR.
bundles, as well as in apparently solitary nerve fibers. MyImmunocytochemical staining for CB showed that ϳ 40% of the counted NEBs in nontreated healthy rat lungs were elinated vagal sensory nerve fibers contacting NEBs, as , are observed to approach and contact NEBs This study was designed to provide a full functional morphofrom PD10 onwards. From PD10 until about postnatal week logic characterization of the two clearly distinct sensory nerve 5, the number of vagal sensory nerve fibers that becomes fiber populations that selectively contact pulmonary NEBs myelinated increases. Myelinated vagal sensory nerve fibers in rats. The vagal sensory component has its origin in the nocan be seen to lose their myelin sheaths in the immediate dose ganglion, protrudes between the NEB cells, is marked neighborhood of the target NEBs, after which they branch, by CB and P2X 3 receptor IR, does not express the capsaicin and give rise to terminals that penetrate the NEBs (Figures receptor VR1, and is apparently insensitive to systemic capsaicin treatment. Additionally, the vagal nodose sensory 6 and 7). nerve fiber population innervating NEBs was shown to be myelin sheaths, the nerve fibers branched and terminals protruded between the neuroendocrine cells. myelinated in postnatal lungs. The spinal sensory component of the innervation, on the other hand, is CGRP/SP-IR,
The expression of purinergic P2X 3 receptors, known as high-threshold receptors (33) , on the intraepithelial termicontacts only the basal pole of NEBs, expresses VR1, and was additionally proven to be sensitive to systemic capsainal arborizations of myelinated vagal nodose afferent nerve fibers between pulmonary NEB cells (see also Ref. 15) sugcin treatment.
To increase the sensitivity of immunodetection and to gests that ATP, secreted by NEB cells, may act as a neurotransmitter/neuromodulator in the vagal sensory transducallow the consecutive application of two antisera raised in the same species, we visualized some of the antibodies using tion of NEBs via a high-threshold P2X 3 receptor-mediated fast propagating myelinated pathway. There is increasing an amplification method based on the catalyzed deposition of fluorescein-or biotin-conjugated tyramides (20, 22, 23) .
evidence that mechanical distortion induces the release of ATP from different cell types (34) . The possibility that at All controls performed supported the reliability of the labeling using tyramide signal amplification (TSA) in this study.
least some of the NEBs may act as mechanoreceptors has been suggested before (2, 35) , but no direct evidence was The necessity of more sensitive systems (i.e., biotinylated tyramide amplification) for detection of VR1 (24) and P2X 3 presented so far.
Because quinacrine staining showed high levels of ATP receptor IR (15) in peripheral nerve fibers has been reported before.
in NEBs (15), vagal sensory P2X 3 receptor-IR nerve fibers that selectively innervate NEBs may be involved in pulmoPrevious neuronal tracing experiments (25), and immunocytochemical double labelings using antibodies against CB nary mechanosensory transduction. For many years, CGRP-IR nerve fibers have been deand the ATP receptor P2X 3 (15), already revealed that a subpopulation (ϳ 40-45%) of NEBs receives vagal nodose scribed in very close proximity to or even in contact with pulmonary NEBs (12, 16, 17). However, the intimate relanerve terminals. At the same time, it was clear that intrapulmonary CGRP-IR nerve fibers innervating NEBs always tionship between CGRP-IR NEB cells and CGRP-IR nerve fibers, and detailed functional morphological data on the belonged to a sensory nerve fiber population different from the vagal afferent fibers (14, 15). These findings allowed us CGRP-IR nerve fiber population selectively innervating NEBs were lacking. Given the well-known co-localization to use immunocytochemical double staining with antibodies against CB, as a marker for the vagal sensory component, and of substance P (SP) and CGRP IR in certain populations of sensory nerve fibers (for rat lungs see Ref. 36), we used SP/ CGRP, as a marker for the spinal sensory component of the innervation of pulmonary NEBs in rats, in the present study.
CGRP double immunolabeling to be able to distinguish the SP/CGRP-IR nerve terminals from the CGRP-IR NEB Subpopulations of NEBs were contacted by thick CB-IR, vagal sensory nerve endings, by thin varicose CGRP-IR cells. Unlike the intraepithelially branching vagal sensory terminals, the spinal SP/CGRP-IR endings were mainly lonerve terminals or by both nerve fiber populations. In some cases varicose CGRP-IR fibers contacting NEBs showed a cated in very close association with the basal pole of pulmonary CGRP-IR NEBs. very weak CB IR that was not seen before, probably due to the very gentle fixation that was used in combination Systemic treatment with the vanilloid capsaicin is known to establish a long-lasting depletion of certain populations with a method for optimalization of the tissue for immunostaining (26) . Similar co-staining of CGRP and CB in thin of afferent nerve fibers (for review see Ref. 18), also in rat lungs (16, 17, 36). The present study revealed that in nonvaricose spinal afferents has also been reported in rat esophagus (27). In addition, all NEB cells showed IR for both treated healthy rat lungs, ϳ 50% of the NEBs were contacted by CGRP-IR nerve fibers, whereas 2 wk after sys-CGRP and CB. Cells that seemed to belong to the organoid NEBs, and expressed CB but no CGRP IR, however, most temic capsaicin treatment (125 mg/kg), the subset of NEBs receiving such terminals was decreased to ϳ 5%. These probably represent Clara-like cells (28) , which are known to cover the luminal surface of NEBs.
results are in agreement with the observations of Shimosegawa and Said (17), who found that the number of CGRPIn the older neuroanatomical literature, some intrapulmonary "sensory" nerve fibers were identified as thick, i.e., IR nerve fibers in rat lungs was reduced to almost 0 after neonatal capsaicin treatment (50 mg/kg). The observation myelinated fibers penetrating the airway epithelium and forming complex side branches that terminate in end knobs that in our study ϳ 5% of the NEBs still receives a CGRP-IR innervation, might reflect different morphologic changes (29-31). The latter structures were found at widely separate locations, often near airway bifurcations, which is also a induced by capsaicin when given in different doses and at different ages (for review see Ref. 18) or a more sensitive preferential location of pulmonary NEBs. An electron microscopic study in rat lungs showed some myelinated nerve detection of CGRP IR in the present study. It has been reported that, with regard to the depletion of peripheral fibers that lose their myelin sheaths in close proximity to NEBs (32), but no evidence or suggestion was presented SP/CGRP containing nerve fibers, the subcutaneous administration of 125 mg/kg capsaicin is most effective (37) . We to link these "rare" myelinated fibers to the extensive intraepithelial nerve terminals between NEB cells. The present are therefore confident that the systemic capsaicin treatment of adult rats in this study induced a selective and efstudy confirmed the presence of myelinated nerve fibers that lose their myelin sheaths in the immediate vicinity of fective defunctionalization of capsaicin-sensitive neurons.
Further quantitative analysis in the present study revealed NEBs at the light microscopic level and identified them as the extensive vagal nodose component of the selective that the vagal nodose sensory component of the innervation of pulmonary NEBs, as revealed by CB immunohistocheminnervation of pulmonary NEBs. Upon termination of the istry, was unaffected in capsaicin-treated rat lungs, because in a normal adaptation of local blood flow to the aeration in different areas of the lungs (21). in both control and experimental procedures ϳ 40% of the NEBs received a CB-IR innervation.
Recently, Widdicombe (1) reviewed the classification of pulmonary afferent receptors. Most physiologic studies, The actions of capsaicin are mediated through binding with a "capsaicin receptor," VR1, which is a ligand-gated, however, disclose little or no data about the morphology of, and the intimate relationship between, airway receptor nonselective cation channel expressed on perikarya and nerve processes of capsaicin-sensitive sensory neurons (24, terminals and the tissue environment, which is important information for understanding the mechanisms of transduc-38-40). Immunostaining with antibodies against VR1 may therefore be regarded as a marker for capsaicin-sensitive tion of physical, chemical, or other stimuli in neuronal activity. In the present study, we provided evidence that NEBs neuronal populations. Using TSA-enhanced immunohistochemical staining for VR1 and subsequent conventional in rat lungs receive a dual sensory innervation, and evaluated the typical properties reported for physiologically "charimmunolabeling for CGRP, we were able to demonstrate that all spinal CGRP-IR nerve fibers selectively contacting acterized" airway receptors. The fine varicose unmyelinated, capsaicin-sensitive, CGRP/SP/VR1-IR nerve fibers, NEBs in rat lungs express VR1, and vice versa. Combination of VR1 and CB immunohistochemistry, on the other hand, selectively contacting the base of part of the pulmonary NEBs, revealed typical C-fiber characteristics but, at least revealed that VR1 and CB are not co-expressed in the nodose fibers contacting NEBs, indicating that different nerve for the largest part, do not have the vagal sensory origin that was reported for bronchopulmonary C-fiber receptors. fiber populations are concerned. The vagal sensory component of the innervation of NEBs does not express VR1,
The myelinated, capsaicin-insensitive, CB-and P2X 3 receptor-IR nerve endings contacting NEBs, on the other hand, which explains the apparent insensitivity to capsaicin treatment, which was demonstrated by the comparable percentare known to have a vagal origin. In the past, suggestions have been made to correlate pulmonary NEBs to physiologages of NEBs receiving CB-IR nerve terminals in capsaicintreated and control rat lungs in the present study.
ically characterized counterparts such as irritant receptors (RARs) (44). However, there are no claims for recordings Other investigators have reported an inconsistent effect of capsaicin treatment on the neuroendocrine cells forming from single vagal afferent fibers from NEBs, and in general all recordings of the effect of airway hypoxia in vagal afferNEBs. It has been suggested that after systemic capsaicin treatment, the CGRP content of pulmonary NEB cells was ent fibers have yielded negative results (1); SARs, RARs, and C-fiber receptors are apparently not directly affected also depleted (41) or the CGRP IR lowered (16). In our hands, however, all NEBs marked by their PGP9.5 IR by hypoxia in physiologic experiments (45). Among the types of vagal receptors reported in lower airways so far, showed similar CGRP immunostaining patterns in capsaicin-treated and nontreated rat lungs. Moreover, the lack SARs and RARs appear to be connected to myelinated afferent nerves, the latter to thin, so-called A␦ fibers. Based of VR1 IR on NEB cells strengthens the hypothesis that capsaicin may not be able to exert direct effects on pulmoon poor morphologic evidence, the terminals of SARs are considered by lung physiologists to be located in airway nary neuroendocrine cells. We conclude that capsaicin does not reduce the number of CGRP-IR NEB cells in rat lungs, smooth muscle. Experimental evidence suggests that RARs are, at least partly, represented by intraepithelial terminals, an assumption also made by Shimosegawa and Said (17).
NEBs represent an extensive local pool of potential vasobut are mainly located in extrapulmonary airways, are scanty in smaller bronchi, and are absent in bronchioles and respiactive transmitters such as CGRP (for review see Ref.
3).
In vitro pharmacologic studies have indicated that CGRP ratory areas (1) . According to these criteria, the population of myelinated vagal afferent fibers that gives rise to selective exerts a vasodilator effect in rat lungs, and that endogenous CGRP may play an important role in pulmonary pressure intraepithelial terminals in NEBs at all levels of the airways apparently does not fit into one of the so far characterized homeostasis by directly dilating pulmonary blood vessels (41) via binding to CGRP receptors on vascular smooth types of myelinated lung receptors. It seems, however, very unlikely that lung physiologists, performing many thousands muscle (42) . Hypoxia apparently inhibits CGRP secretion from rat NEBs (43) , and local physiologic hypoxia may of single fiber recordings in the vagus nerve for the identification of airway receptor populations in rat lungs, have therefore result in local vasoconstriction. It has been found that intact primary sensory CGRP/SP-containing and capnever made registrations from the many hundreds of myelinated vagal nodose neurons that selectively contact pulsaicin-sensitive nerve fibers are required for endogenous CGRP to modulate pulmonary vascular tone in hypoxic monary NEBs in each lung. More likely, the population(s) concerned ha(s)(ve) so far not been recognized in the existpulmonary hypertension (41). In a recent investigation we provided morphologic evidence that all NEBs receiving ing data. Therefore, we believe that a considerable part of the already "characterized" airway receptors, a large part an intraepithelial nitrergic innervation also revealed basal contacts with CGRP-IR afferents, the presumable collaterof which are mechanoreceptors, will eventually appear to be related to NEBs. als of which appear to follow the course of nitrergic axons and eventually form baskets around the nitrergic neurons Also in the gut wall it has been suggested that electrophysiologic and morphologic analyses of vagal mechanoin the lamina propria (21). It was proposed that hypoxia may reduce CGRP secretion from NEB cells via a nitrergic receptors give rise to conflicting interpretations (46) . Although electrophysiology distinguished a single general class mechanism, the activation of which involves the presently characterized population of capsaicin-sensitive CGRP-IR of endings in smooth muscle, morphology provided evidence that besides very few intramuscular endings, a large afferents that selectively contact NEBs, thereby resulting
